LBNL-41724

ERNEST ORLANDO LAWRENCE
BERKELEY NATIONAL LABORATORY

Energy Efficiency and Carbon
Dioxide Emissions Reduction
Opportunities in the U.S. Iron and
Steel Sector

Ernst Worrell, Nathan Martin, Lynn Price

Environmental Energy Technologies Division

July 1999

This work was supported by the Climate Protection Division, Office of Air and
Radiation, U.S. Environmental Protection Agency through the U.S. Department of
Energy under Contract No. DE-AC03-76SF00098.



Disclaimer

This document was prepared as an account of work sponsored by the United
States Government. While this document is believed to contain correct
information, neither the United States Government nor any agency thereof, nor
The Regents of the University of California, nor any of their employees, makes
any warranty, express or implied, or assumes any legal responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product, process, or
service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof, or The Regents of the
University of California. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or any
agency thereof, or The Regents of the University of California.

Ernest Orlando Lawrence Berkeley National Laboratory is an equal
opportunity employer.



LBNL-41724

Energy Efficiency and Carbon Dioxide Emissions Reduction Opportunities
in the U.S. Iron and Steel Sector

Ernst Worrell, Nathan Martin, Lynn Price

Energy Analysis Department
Environmental Energy Technologies Division
Ernest Orlando Lawrence Berkeley National Laboratory
University of California
Berkeley, California 94720

July 1999

This work was supported by the Climate Protection Division, Office of Air and Radiation, U.S. Environmental
Protection Agency through the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.



il



Energy Efficiency and Carbon Dioxide Emissions Reduction Opportunities
in the U.S. Iron and Steel Sector

Ernst Worrell, Nathan Martin, Lynn Price
Energy Analysis Department
Environmental Energy Technologies Division
Ernest Orlando Lawrence Berkeley National Laboratory

July 1999

Abstract

This paper presents an in-depth analysis of the U.S. iron and steel industry, identifying cost-effective energy and
carbon dioxide emissions savings that can be achieved both today and in the near future. First we discuss trends and
make international energy efficiency comparisons for this industry at the aggregate level (Standard Industrial
Classification 331 and 332), which includes blast furnaces and steel mills (SIC 3312), electrometalurgical products
(SIC 3313), and gray and ductile iron foundries (SIC 3321). Then we focus on a smaller portion of the industry, blast
furnaces and steel mills (SIC 3312), for a detailed analysis of energy use and carbon dioxide emissions by process,
specific energy efficiency technologies and measures to reduce energy use and carbon dioxide emissions, and the
energy efficiency and carbon dioxide emissions reduction potential for steelmaking in the U.S. Reviewing the
industry as a whole, we found that U.S. steel plants are relatively old and production has fluctuated dramatically in
the recent past. Metallurgical coal is still the primary fuel for the sector but gas and electricity use has been
increasing. Between 1958 and 1994, physical energy intensity for iron and steelmaking (SIC 331, 332) dropped
27%, from 35.6 GJ/t to 25.9 GJ/t, while carbon dioxide intensity (carbon dioxide emissions expressed in tonnes of
carbon per tonne of steel) dropped 39%, from 0.82 tC/t to 0.50 tC/t. Compared to other large steel producers, the
U.S. still tends to have higher energy intensities and has a large technical potential to achieve best practice levels of
energy use for steel production. In our detailed analysis of the U.S. iron and steel sector (SIC 3312), we examined 48
specific energy efficiency technologies and measures and estimated energy savings, carbon dioxide emissions
reductions, investment costs, and operation and maintenance costs for each of these measures. Based on this
information, we constructed an energy conservation supply curve for U.S. iron and steelmaking which found a total
cost-effective reduction potential of 3.8 GJ/t, equivalent to an achievable energy savings of 18% of 1994 U.S. iron
and steel energy use and a roughly equivalent savings (19%) of 1994 U.S. iron and steel carbon dioxide emissions.
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I. Introduction

The manufacturing sector consumed 23 EJ of primary energy in the United States in 1994, almost one-quarter of all
energy consumed that year (U.S. DOE, EIA 1997)." Within manufacturing, a subset of raw materials transformation
industries (primary metals, pulp and paper, cement, chemicals, petroleum refining) require significantly more energy
than other manufacturing industries.

This report presents an in-depth analysis of one of these energy-intensive industries -- iron and steel -- identifying
energy savings and carbon dioxide emissions reductions potentials. We analyze the iron and steel industry on two
levels. First, when reviewing industry trends in Sections II and III and when making international comparisons in
Section IV, we discuss this industry at the aggregate level (Standard Industrial Classification 331 and 332), which
includes blast furnaces and steel mills (SIC 3312), electrometallurgical products (e.g. ferroalloys) (SIC 3313), and
gray and ductile iron foundries (SIC 3321).> Second, we focus on a smaller portion of the industry, blast furnaces
and steel mills (SIC 3312) for a detailed analysis of energy use and carbon dioxide emissions by process (Section V),
specific energy efficiency technologies and measures to reduce energy use and carbon dioxide emissions (Section
VI), and the energy efficiency and carbon dioxide emissions reduction potential for steelmaking in the U.S. (Section
VID).

II. Overview of U.S. Iron and Steel Industry

The U.S. iron and steel industry is made up of integrated steel mills that produce pig iron from raw materials (iron
ore, coke) using a blast furnace and steel using a basic oxygen furnace (BOF) and secondary steel mills that produce
steel from scrap steel, pig iron, or direct reduced iron (DRI) using an electric arc furnace (EAF). The majority of
steel produced in the U.S. is from integrated steel mills, although the share of secondary steel mills (or “minimills™)
is increasing, growing from 15% of production in 1970 to 40% in 1995 (AISI, 1997).

There were 142 operating steel plants in the U.S. in 1997 (see Figure 1). At that time, there were 14 integrated steel
companies operating 20 integrated steel mills with a total of 40 blast furnaces (I&SM, 1997a). These mills are
concentrated in the Great Lakes region, near supplies of coal and iron ore and near key customers such as the
automobile manufacturers. The blast furnaces in these mills range in age—accounting for furnace rebuilds—from 2
to 67 years, with an average age of 29 years. Production rates per plant vary between 0.5 and 3.1 million metric tons
(Mt) per year. Total production of U.S. blast furnaces in 1997 was slightly over 54 Mt (I&SM, 1997a).

Secondary steel mills are located throughout the U.S, with some concentration in the South, near waterways for
shipping and in areas with lower-cost electricity and labor (U.S. DOE, EIA, 1996; Hogan, 1987). In 1997 there were
85 secondary steel companies operating 122 minimills with 226 EAFs. These facilities are spread throughout 35
states, with the largest number of plants in Pennsylvania, Ohio, and Texas. The electric arc furnaces at these mills
range in age from O (just starting production in 1997) to 74 years, with an average age of 24 years. Total annual
nominal capacity listed in 1994 was 50.4 Mt and the average power consumption is 480 kWh/t (436 kWh/short ton)
(I&SM, 1997b). Between 1995 and 1997 an additional 12 Mt of electric arc furnace capacity was built. Appendix B
provides more detailed information on U.S. integrated and secondary steel mills.

Figure 2 shows that steel production in the U.S. has fluctuated dramatically since 1970, when production was just
below 120 Mt. Production peaked at 136 Mt in 1973 and fluctuated between 100 and 130 Mt until it crashed to 68
Mt in 1982 as a result of a dramatic number of integrated mill closures. Since 1982, production has grown slowly,
with two major declines in 1985-86 and 1991. In 1995, production reached 95 Mt. During this period, primary steel
production using inefficient open hearth furnaces dropped from 44 Mt in 1970 to 6 Mt in 1982 and was completely
phased out by 1992. Primary steel production using a basic oxygen furnace fluctuated between 40 and 75 Mt over
the period. Secondary production more than doubled, growing from 18 to 38 Mt between 1970 and 1995 (AISI,
1997).

' To convert from EJ to Quads, from PJ to TBtu, and from GJ to MBtu, multiply by 0.95; to convert from metric tons to short
tons, multiply by 1.1; to convert from GJ/metric ton to MBtu/short ton, multiply by 0.86.

2 We focus on SIC 33 12, 3313, and 3321 because energy consumption values are provided for these subsectors only by the U.S.
Energy Information Administration.



Figure 1. Location of Integrated and Secondary Steel Mills in the U.S. in 1997.
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Figure 2. U.S. Steel Production by Process, 1970 to 1995.
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1. Energy Use and Carbon Dioxide Emissions” in the U.S. Iron and Steel Industry (SIC 331, 332)
Historical Energy Use and Carbon Dioxide Emissions Trends

Final energy use for the iron and steel industry (SIC 331, 332) fluctuated significantly between 1958 and 1994,
starting at 2.6 EJ (2.8 EJ primary energy) in 1958, climbing to 3.9 EJ (4.4 EJ primary energy) in 1973, dropping to
1.9 EJ (2.3 EJ primary energy) in 1982, and remaining level at 1.9 EJ of final energy (2.4 EJ primary energy) in
1994 (see Figure 3).* Between 1958 and 1994 the share of coal and coke used as energy sources dropped from about
75% to 57% of total fuels, followed by a drop in the share of oil from 10% to 3%. The share of natural gas used in
the industry increased from 10% to 28%. The share of electricity increased from 4% to 11% during the same period,
in large part due to increased secondary steel production. Carbon dioxide emissions trends (expressed in million
metric tonnes (MtC) of carbon) have followed energy use trends (see Figure 4), with emissions of 64 MtC in 1958,
96 MtC in 1973, and 45 MtC in 1994 (LBNL, IES, 1998).

Figure 3. Final Energy Use for U.S. Steel Production (PJ) Figure 4. Carbon Dioxide Emissions from Energy Used
For U.S. Steel Production (MtC)
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Source: LBNL, IES, 1998.

Energy and Carbon Dioxide Intensity Trends

Physical energy intensity of U.S. steel production, defined as primary energy use for SIC 331 and 332 per metric ton
of steel produced, dropped 27%, from 35.6 Gl/t to 25.9 GI/t, between 1958 and 1994.%” Decomposition analyses
indicate that about two-thirds of the decrease between 1980 and 1991 was due to efficiency improvements, while the
remainder was due to structural changes (Worrell et al., 1997a). Carbon dioxide intensity dropped from 0.82 tC/t to
0.50 tC/t, during this period, reflecting the general decrease in energy use per tonne of steel produced as well as fuel
switching. The most important change was the growing use of scrap-based electric arc furnaces for secondary steel

? In this report carbon dioxide emissions are expressed in metric tons carbon. To convert to carbon dioxide multiply by 44/12.

4 Primary energy is calculated using a conversion rate from final to primary electricity of 3.08, reflecting the difference between
an average power plant heat rate of 10,500 Btu/kWh and a site rate of 3412 Btu/kWh, including transmission and distribution
losses.

> The carbon conversion factors used for calculating carbon emissions from energy consumption are taken from U.S. DOE, EIA,
1996. Electricity conversion factors vary annually based on the fuel mix used for power generation. Roughly 1% to 2% of the
carbon emissions attributed to OHF and BOF production is fixed in the steel, but we have not made the subtraction here for the
overall figure.

® Throughout this report, we define energy intensity in terms of physical output rather than economic output. Worrell et al.
(1997a) demonstrated that economic indicators of energy intensity do not always accurately reflect physical trends and concluded
that physical energy intensity measurements should be used when possible (Worrell et al., 1997a). Appendix C provides more
information regarding comparisons of economic and physical indicators.

" Energy consumption values from 1991 through 1994 include SIC 3312 (blast furnaces and steel mills) 3313
(electrometallurgical products) and 3321 (gray and ductile iron foundries) in order to better match historical aggregate data. Due
to limited coverage in the U.S. DOE, EIA Manufacturing Energy Consumption Survey, data for 1985 through 1990 reflect
energy use for SIC 3312 only, and therefore may be roughly 5-8% lower than energy use for the more aggregate SIC 331-332.



production, which grew from 17% to 39% of total steel production during this period. Efficiency improvement can
be explained mainly by the increased use of continuous casting, which grew from 0% in 1971 to 89% in 1994, and
the closing of inefficient open hearth furnace steelmaking, which dropped from 30% in 1971 to 0% after 1991. In
addition, the increased use of pellets as blast furnace feed contributed to the energy savings (Price et al., 1997; IISI,
1996b).

Despite these overall improvements, energy intensity of steel production in the U.S. increased slightly between 1991
and 1994, growing from 25.2 GJ/t to 25.9 GI/t, reversing the long-term downward trend.® Based on trends in three
key areas (increased share of electric arc furnaces from 38% to 39%, retirement of all remaining open hearth
furnaces, and increase in the use of continuous casting from 76% in 1991 to 89% in 1994), this increase is
unexpected. Trends that may have contributed to the increased energy use include a move toward more extensively
treated, higher quality cold rolled steel and increased capacity utilization leading to the use of older, less-efficient
integrated steel mills (Price et al., 1997).

IV. International Comparison of U.S. Energy Use for Steelmaking
International Comparison of Energy Intensity of Steelmaking

Energy intensities for eight of the world’s largest steel-producing countries are plotted in Figure 5 and show a
general downward trend in most countries between 1971 and 1994.° Tron and steel production is least energy-
intensive in S. Korea, Germany, Japan, and France and most energy-intensive in China.'’ Energy intensity of
steelmaking in the U.S. dropped over 20% between 1971 and 1994. As noted above, the 1994 energy intensity is
slightly higher than that in 1991, indicating a change in the longer-term trend of decreasing energy use per tonne of
steel. Japan, Poland, and France also show a slight increase in energy intensity in recent years (Price et al., 1997).

Figure 5. Energy Intensity of Steel Production in Selected Countries (GJ/t).
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¥ These energy intensity values are calculated using energy use data from the U.S. Manufacturing Energy Consumption Survey
(MECS) and accounts for energy used in coke production and for coke shipments (U.S. DOE, EIA, 1994; U.S. DOE, EIA, 1997).
We note that energy use data of the American Iron and Steel Institute show an 8% decline in primary energy intensity between
1990 and 1994 (U.S. DOE, OIT, 1996).

% The former Soviet Union is among the top steel producing countries worldwide, but is not included in this comparison due to
the lack of sector-specific energy use data.

19 Chinese steel industry energy use has been lowered by six percent to correct for the fact that energy is also used for so-called
"non-productive use" such as residential energy use by employees and energy use for mining of raw materials (Ross and Feng,
1991).



Best Practice Comparison

To provide an indication of how the energy intensity of the total iron and steel sector in the U.S. compares to
operating plants with the lowest energy intensities globally, we first determined the “best practice” energy intensities
for specific processes at plants in operation in The Netherlands and Germany. Best practice reflects the lowest
specific energy consumption required to produce certain steel products at actual plants. Table 1 provides the best
practice weighting factors which are based on 1988 energy intensity values for basic oxygen furnace slab production,
electric arc furnace slab production, hot rolling, and cold rolling in these plants (Worrell et al., 1997a). We then
calculated the energy intensity that would have been achieved in the U.S. in both 1991 and 1994 to produce the same
mix of products that was actually produced in those years using the 1988 “best practice” energy intensities.

Figure 6 shows this comparison of the actual average energy intensities of all operating plants and the "best practice"
energy intensities for the U.S. in 1991 and 1994 as well as for six other countries in 1991. The x-axis indicates the
share of secondary (EAF) steelmaking in each country; EAF steelmaking is a much less energy-intensive process but
also produces a different quality of steel product than integrated steelmaking. Countries with a higher share of EAF
process would be expected to have lower overall energy intensities for production of steel''. However, energy use is
also affected by the production of energy-intensive products like cold rolled steel. Figure 6 also accounts for
differences in product mix.

As shown in Figure 6, China, Brazil, Poland, and the U.S. have the largest potential energy savings, while France,
Japan, and especially Germany have lower potentials.'> The difference in the U.S. best practice and actual energy
intensities was about 11 GJ/t (or 43%) in both 1991 and 1994, despite the fact that the U.S. had the highest share of
EAF steelmaking (38% in 1991, 39% in 1994). When compared to best practice in other countries, U.S. energy use
per tonne of steel is high in the blast furnace, the basic oxygen furnace (due to the lack of basic oxygen furnace gas
recovery), the reheating furnace, and in the hot strip mill (Worrell et al., 1993; U.S. DOE, OIT, 1996; IISI, 1996b).

Figure 6. Comparison of Actual and Best Practice Energy Intensities for Selected Countries, 1991 (and 1994 for U.S.).
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" Bock et al. (1994) using a different definition of best practice, studied electricity intensities in U.S. EAF mills and found a
potential reduction in electricity intensity of around 16% for mills in 1988 from average to best practice levels.
12 Potential energy savings for Germany may have increased since 1991 due to the unification with former East Germany.



Table 1. Best Practice Weighting Factors for Various Steel Products.

Fuel Electricity Primary energy
Product (GI/t) (GI/t) (GIp
Basic Oxygen Furnace — Slab' 14.24 0.36 15.3
Electric Arc Furnace — Slab'’ 0.79 1.52 54
Hot Rolling'® 1.82 0.37 2.9
Cold Rolling"” 1.10 0.53 2.7

Figure 7 shows the relative changes in primary energy intensity in seven countries between 1980 and 1991 and
decomposes those changes into the portion attributed to efficiency improvement and that attributed to structural
change (changes in process and product mix). The first bar for each country represents the aggregate change in
physical energy intensity between 1980 and 1991 while the second and third bars represent the contribution of
efficiency and structural changes, respectively, to the overall change in physical energy intensity during the period.
Energy use for steel production in the U.S. dropped 17% from 1980 to 1991; of this, a decline of 6% was due to
structural changes like the shift to EAFs and 11% was due to efficiency improvements (Worrell et al., 1997a). This
analysis suggests that energy efficiency, as opposed to overall energy intensity, improved at a rate of about 1% per
year in the U.S. over the period 1980 to 1991.

Figure 7. Relative Changes in Energy Intensity Between 1980 and 1991 and the Contribution of Structure and
Efficiency Changes.
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'3 Calculated intensity assuming an electricity generation efficiency of 33%.

4 Equivalent to the 1988 energy intensity of an integrated steel plant in The Netherlands, assuming 10% scrap addition in the
BOF (Worrell et al., 1993).

!5 Equivalent to the energy intensity of an EAF plant in Germany (Teoh, 1989) and the energy intensity for continuous casting
equivalent to the integrated steel plant (Worrell et al., 1993).

' Equivalent to the 1988 energy intensity of a hot strip mill at an integrated steel plant in The Netherlands (Worrell et al., 1993).
The energy intensity of wire rod production is comparable to the given energy intensity (IISI, 1982).

'7 Equivalent to the 1988 energy intensity of a cold rolling mill at an integrated steel plant (Worrell et al., 1993)



V. 1994 Baseline Energy Use and Carbon Dioxide Emissions for Energy Use in U.S. Blast Furnaces and
Steel Mills (SIC 3312)

Energy Use and Carbon Dioxide Emissions by Process in U.S. Steelmaking

For our detailed analysis of the U.S. iron and steel industry, we focus on a smaller portion of the industry, blast
furnaces and steel mills (SIC 3312). The main energy-using processes for integrated steel production are
sintermaking, cokemaking, ironmaking, steelmaking.'® Only the steelmaking step is used for production of secondary
steel.'” Following steel production, energy is used for casting, hot rolling, cold rolling, and finishing. In 1994,
integrated steel mills in the U.S. produced 55.4 Mt of steel and secondary steel mills produced 35.87 Mt, for a total U.S.
production of 91.3Mt. Table 2 provides an estimate of the energy use and carbon dioxide emissions from energy use
by process for production of steel in the U.S. in 1994.%° Primary energy use for integrated steelmaking was about
three times greater than energy use in secondary steelmaking, consuming 1439 PJ compared to 425 PJ. The primary
energy intensity of integrated and secondary steel production in 1994 was 26.0 GJ/t and 11.8 GJ/t, respectively, for a
total sector primary energy intensity of 20.4 GJ/t.*' Total carbon dioxide emissions from steelmaking in 1994 were
34.4 MtC, with 80% of these emissions from integrated steelmaking. The carbon dioxide intensity of integrated
steelmaking was 0.5 tC/t crude steel while the carbon dioxide intensity for secondary steelmaking was 0.2 tC/t crude
steel, resulting in a total sector carbon dioxide intensity of 0.4 tC/t crude steel.

Table 2. Energy Use and Carbon Dioxide Emissions by Process in U.S. Steel Production, 1994.

Carbon

Process Stage Final Primary Dioxide

Fuel Electricity Energy Energy” Emissions

PJ) PJ) PJ) PJ) MtC)
Integrated Steelmaking
Sintermaking 26 2 28 31 0.8
Cokemaking 74 2 76 81 0.6
Ironmaking 676 4 680 689 11.0
Steelmaking (Basic Oxygen Furnace) 19 6 25 36 0.5
Casting 15 11 27 50 0.9
Hot Rolling 157 34 191 263 3.7
Cold Rolling and Finishing 43 15 58 89 1.3
Boilers (integrated steelmaking) 167 0 167 167 7.8
Cogeneration (integrated steelmaking) 101 -22 79 101 0.4
Total Integrated Steelmaking 1280 52 1332 1439 27.0
Secondary Steelmaking
Steelmaking (Electric Arc Furnace) 6 62 68 197 2.8
Casting 1 4 5 12 0.2
Hot Rolling 102 22 124 170 24
Cold Rolling and Finishing® 0 0 0 0 0.0
Boilers (secondary steelmaking)® 42 0 42 42 2.0
Cogeneration (secondary steelmaking) 11 2 9 11 0.04
Total Secondary Steelmaking 162 85 248 425 7.4
Total Primary and Secondary Steelmaking 1443 137 1580 1864 34.4

18 Pelletizing, the production of iron ore pellets, is normally undertaken at the mining site and is not included in our baseline.

1 Secondary steel is produced from scrap and/or direct reduced iron (DRI, also called sponge iron). While DRI production is
growing, it comprised only 2% of secondary steel inputs in 1994 (AISI, 1997).

 Energy consumption data in Table 2 are based on data from the American Iron and Steel Association’s Annual Statistical
Report (AISI, 1997). When data on specific sub-processes were not available, consumption estimates were based on process
energy intensity estimates and throughput from available literature (especially, U.S. DOE, OIT, 1996). Oxygen production is not
included in the energy use estimates. Appendix D provides details on the estimation made for each process step.

2! Primary energy is calculated using a conversion rate from final to primary electricity of 3.08, reflecting the difference between
an average plant heat rate of 10,500 Btu/kWh and a site rate of 3412 Btu/kWh, including transmission & distribution losses.

21 1994, no EAF plants used a cold rolling mill. Since then, however, at least 3 mills are using this process.

% In EAF mills steam is used for the vacuum degasser and for the production of specialty steels.



VI. Technologies and Measures to Reduce Energy Use and Carbon Dioxide Emissions

To analyze the potential for reducing energy use and carbon dioxide emissions from steelmaking in the U.S., we
compiled information on the costs, energy savings, and carbon dioxide emissions reductions of a number of
technologies and measures. Below we provide a detailed description of each of these technologies and measures
along with associated costs and energy and other related information. These technologies and measures fall into two
categories: state-of-the-art measures that are currently in use in steel mills worldwide (see Table 3) and advanced
measures that are either only in limited use or are near commercialization (see Appendix E). We focus on retrofit
measures using commercially available technologies, but many of these technologies are applicable for new plants as
well. For each technology or measure, we estimate costs and energy savings per tonne of crude steel produced in
1994. We then calculate carbon dioxide emissions reductions based on the fuels used at the process step to which the
technology or measure is applied. Table 4 provides total production, fuel, electricity, and primary energy savings per
tonne of crude steel; annual operating costs; capital costs per tonne of crude steel; percentage of production to which
the measure is applied nationally; and carbon dioxide emissions reductions for each measure applied to the
production of primary steel in an integrated mill. Table 5 provides similar information for production of secondary
steel.

Table 3. State-of-the-Art Energy Efficiency Measures in the U.S. Iron and Steel Industry.
Overall Measures (measures apply to both integrated and secondary plants)
Preventative maintenance
Energy monitoring and management systems
Variable speed drives for flue gas control, pumps, and fans
Cogeneration

Integrated Steel Making Measures

Secondary Steel Making Measures

Iron Ore Preparation (Sintermaking)

Sinter plant heat recovery

Use of waste fuels in the sinter plant

Reduction of air leakage

Increasing bed depth

Improved process control

Coke Making

Coal moisture control

Programmed heating

Variable speed drive on coke oven gas compressors
Coke dry quenching

Iron Making - Blast Furnace

Pulverized coal injection (medium and high levels)
Injection of natural gas

Top pressure recovery turbines (wet type)
Recovery of blast furnace gas

Hot blast stove automation

Recuperator on the hot blast stove

Improved blast furnace control

Steel Making - Basic Oxygen Furnace

BOF gas & sensible heat recovery (supressed combustion)

Variable speed drive on ventilation fans

Electric Arc Furnace

Improved process control (neural networks)
Flue gas monitoring and control
Transformer efficiency measures
Bottom stirring/gas injection
Foamy slag practices

Oxy-fuel burners/lancing
Post-combustion

Eccentric bottom tapping (EBT)
Direct current (DC) arc furnaces
Scrap preheating

Consteel process

Fuchs shaft furnace

Twin shell DC arc furnace

Casting and Rolling (measures apply to integrated and secondary plants unless otherwise specified)

Casting

Adopt continuous casting

Efficient ladle preheating

Thin slab casting

Rolling

Hot charging

Recuperative burners in the reheating furnace

Controlling oxygen levels and variable speed drives on combustion air fans

Process control in the hot strip mill
Insulation of furnaces

Energy efficient drives in the hot rolling mill
Waste heat recovery from cooling water

Heat recovery on the annealing line (integrated only)

Automated monitoring & targeting system
Reduced steam use in the pickling line




Table 4. Energy Savings, Costs, and Carbon Dioxide Emissions Reductions for Energy-Efficiency Technologies and
Measures Applied to Integrated Steel Production in the U.S. in 1994.

Primary Annual Carbon Share of
Electricity Energy Operating Retrofit Dioxide Production
Fuel Savings Savings Savings Costs Capital Cost | Emissions Measure
Production (GJ/tonne (GJ/tonne (GJ/tonne (US$/tonne (US$/tonne Reduction Applied
Option (Mtonne) crude steel) | crude steel) | crude steel) | crude steel) | crude steel) (kgC/t) (percent)
Iron Ore Preparation (Sintering)
Sinter plant heat recovery 12.1 0.12 0.00 0.12 0.00 0.66 3.41 100%
Reduction of air leakage 12.1 0.00 0.00 0.01 0.00 0.02 0.12 100%
Increasing bed depth 12.1 0.02 0.00 0.02 0.00 0.00 0.59 100%
Improved process control 12.1 0.01 0.00 0.01 0.00 0.03 0.30 100%
Use of waste fuels in sinter plant 12.1 0.04 0.00 0.04 0.00 0.04 1.16 74%
Coke Making
Coal moisture control 16.6 0.09 0.00 0.09 0.00 14.69 0.55 100%
Programmed heating 16.6 0.05 0.00 0.05 0.00 0.07 0.31 100%
Variable speed drive coke oven gas
COMPIessors 16.6 0.00 0.00 0.00 0.00 0.09 0.01 100%
Coke dry quenching 16.6 0.37 0.00 0.37 0.15 20.99 2.25 100%
Iron Making - Blast Furnace
Pulverized coal injection to 130
kg/thm 49.4 0.69 0.00 0.69 -1.78 6.24 11.42 80%
Pulverized coal injection to 225
kg/thm 49.4 0.51 0.00 0.51 -0.89 4.64 8.45 30%
Injection of natural gas to 140
kg/thm 49.4 0.80 0.00 0.80 -1.78 4.46 13.35 20%
Top pressure recovery turbines (wet
type) 49.4 0.00 0.10 0.30 0.00 17.84 4.29 20%
Recovery of blast furnace gas 49.4 0.06 0.00 0.06 0.00 0.27 0.98
60%
Hot blast stove automation 49.4 0.33 0.00 0.33 0.00 0.27 5.49 60%
Recuperator hot blast stove 49.4 0.07 0.00 0.07 0.00 1.25 1.19 100%
Improved blast furnace control
systems 49.4 0.36 0.00 0.36 0.00 0.32 5.93 50%
Steelmaking — Basic Oxygen Furnace
BOF gas + sensible heat recovery 55.4 0.92 0.00 0.92 0.00 22.00 12.55 100%
Variable speed drive on ventilation
fans 55.4 0.00 0.00 0.01 0.00 0.20 0.14 100%
Integrated Casting
Adopt continuous casting 49.5 0.24 0.08 0.49 -5.35 11.95 36.06 9%
Efficient ladle preheating 49.5 0.02 0.00 0.02 0.00 0.05 0.27 84%
Thin slab casting 49.5 3.13 0.57 4.89 -31.33 134.25 177.60 20%
Integrated Hot Rolling
Hot charging 48.3 0.52 0.00 0.52 -1.15 13.09 7.18 22%
Process control in hot strip mill 483 0.26 0.00 0.26 0.00 0.61 3.59 69%
Recuperative burners 483 0.61 0.00 0.61 0.00 2.18 8.38 20%
Insulation of furnaces 48.3 0.14 0.00 0.14 0.00 8.73 1.91 30%
Controlling oxygen levels and VSDs
on combustion air fans 48.3 0.29 0.00 0.29 0.00 0.44 3.95 50%
Energy-efficient drives (rolling mill) 48.3 0.00 0.01 0.03 0.00 0.17 0.39 50%
Waste heat recovery (cooling water) 48.3 0.03 0.00 0.03 0.06 0.70 0.46 69%
Integrated Cold Rolling and
Finishing
Heat recovery on the annealing line 31.7 0.17 0.01 0.19 0.00 1.55 2.73 50%
Reduced steam use (pickling line) 31.7 0.11 0.00 0.11 0.00 1.61 1.55 80%
Automated monitoring and targeting
system 31.7 0.00 0.12 0.38 0.00 0.63 5.51 50%
General
Preventative maintenance 55.4 0.43 0.02 0.49 0.02 0.01 9.74 100%
Energy monitoring and management
system 55.4 0.11 0.01 0.14 0.00 0.15 2.60 100%
Cogeneration 55.4 0.03 0.35 1.1 0.00 14.52 22.39 100%
Variable speed drive: flue gas
control, pumps, fans 55.4 0.00 0.02 0.06 0.00 1.30 0.40 50%




Table 5. Energy Savings, Costs, and Carbon Dioxide Emissions Reductions for Energy-Efficiency Technologies and
Measures Applied to Secondary Steel Production in the U.S. in 1994.

Primary Annual Retrofit Carbon Share of
Fuel Electricity Energy Operating Capital Dioxide Production
Savings Savings Savings Costs Cost Emissions Measure
Production | (GJ/tonne | (GJ/tonne | (GJ/tonne (US$/tonne (US$/tonne | Reductions Applied
Option (Mtonne) | crude steel) | crude steel) | crude steel) | crude steel) crude steel) (kgC/t) (percent)
Steelmaking Electric Arc Furnace
Improved process control (neural
network) 35.9 0.00 0.11 0.33 -1.00 0.95 4.81 90%
Fluegas Monitoring and Control 359 0.00 0.05 0.17 0.00 2.00 2.40 50%
Transformer efficiency - UHP
transformers 35.9 0.00 0.06 0.19 0.00 2.75 2.72 40%
Bottom Stirring / Stirring gas
injection 35.9 0.00 0.07 0.22 -2.00 0.60 3.20 11%
Foamy Slag Practice 35.9 0.00 0.07 0.20 -1.80 10.00 2.88 35%
Oxy-fuel burners 35.9 0.00 0.14 0.44 -4.00 4.80 6.41 25%
Eccentric Bottom Tapping (EBT) on
existing furnace 35.9 0.00 0.05 0.17 0.00 3.20 2.40 52%
DC-Arc furnace 35.9 0.00 0.32 1.00 -2.50 3.90 14.42 5%
Scrap preheating — Tunnel furnace
(CONSTEEL) 35.9 0.00 0.22 0.66 -1.90 5.00 9.61 20%
Scrap preheating, post combustion -
Shaft furnace (FUCHS) 35.9 -0.70 0.43 0.63 -4.00 6.00 9.62 20%
Twin Shell DC w/ scrap preheating 359 0.00 0.07 0.21 -1.10 6.00 3.04 10%
Secondary Casting
Efficient ladle preheating 32.1 0.02 0.00 0.02 0.00 0.05 0.27 100%
Thin slab casting 32.1 2.86 0.57 4.62 -31.33 134.29 64.68 20%
Secondary Hot Rolling
Process control in hot strip mill 313 0.26 0.00 0.26 0.00 0.61 3.59 88%
Recuperative burners 31.3 0.61 0.00 0.61 0.00 2.18 8.38 88%
Insulation of furnaces 313 0.14 0.00 0.14 0.00 8.73 1.92 30%
Controlling oxygen levels and VSDs
on combustion air fans 31.3 0.29 0.00 0.29 0.00 0.44 3.95 50%
Energy-efficient drives in the rolling
mill 31.3 0.00 0.01 0.03 0.00 0.17 0.39 50%
Waste heat recovery from cooling
water 31.3 0.03 0.00 0.03 0.06 0.70 0.46 88%
General Technologies
Preventative maintenance 359 0.09 0.05 0.24 0.02 0.01 4.09 100%
Energy monitoring & management
system 35.9 0.02 0.01 0.06 0.00 0.15 1.02 100%

Advanced technologies and measures for reducing energy use and carbon dioxide emissions include smelt reduction
processes (e.g. COREX, CCF, DIOS, AISI, and HISmelt) for integrated steelmaking, the Contiarc and Comelt
processes for secondary steelmaking, and strip casting. These technologies are not currently in commercial use
(except the COREX process). The major developments are described in Appendix E.

Fuel and electricity savings for each efficiency measure in Tables 4 and 5 were usually calculated as savings per
tonne product (e.g. 0.5 GJ/t sinter). To convert savings from a per tonne product basis to a per tonne crude steel basis
we multiplied the savings by the ratio of throughput (production from a specific process) to total crude steel*.
Operating and capital costs are also calculated on a crude steel basis according to the same methodology as fuel and
electricity savings. Our determination of the share of production to which each measure is applied was based on a
variety of information sources on the U.S. iron and steel industry in 1994 and expert judgment. Finally, carbon
dioxide emissions reductions for each measure were calculated based on a weighted average carbon dioxide
emissions coefficient (tC/GJ) for each process step. We have attempted to account for interactive effects when
estimating the potential savings through assessing the possible degree of implementation, as well as interactive
effects caused by the order of implementation of technologies. We generally assumed that the most cost-effective
technology was implemented first, unless technical reasons determine the order of implementation.

** For example, if a measure saved 1 GJ/t iron, the equivalent savings per tonne of primary crude steel would equal 0.89 GJ/t
crude steel (1 * 49.4 Mt iron production/55.4 Mt integrated crude steel production).
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Overall Measures

Preventative maintenance involves training personnel to be attentive to energy consumption and efficiency. Successful
programs have been launched in many industries (Caffal, 1995; Nelson, 1994). Examples of good housekeeping in
steel making include timely closing of furnace doors to reduce heat leakage and reduction of material wastes in the
shaping steps. We estimate energy savings of 2% of total energy use, or fuel savings of 0.45 GJ/t of product and
electricity savings of 0.04 GJ./t of product, based on savings experienced at an integrated steel plant in The Netherlands
(Worrell et al., 1993). We assume minimal investment costs for good housekeeping options ($0.01/t), although training
and in-house information are needed, resulting in increased annual operating costs. Based on good housekeeping
projects at Rover (a large car manufacturing plant in the UK), we estimate annual operating costs of about $11,000 per
plant, or approximately $0.02/t crude steel (Caffal, 1995). We apply this measure to all integrated and secondary steel
making in the U.S. in 1994.

Energy monitoring and management systems. This measure includes site energy management systems for optimal
energy recovery and distribution between various processes and plants. A wide variety of such energy management
systems exist (Worrell et al., 1997; Caffal, 1995). Based on experience at the Hoogovens steel mill (The Netherlands)
and British Steel (Port Talbot, UK), we estimate energy savings of 0.5%, or fuel savings of 0.12 GJ/t of product and
electricity savings of 0.01 GJ./t of product, for U.S. integrated sites (Farla et al., 1998; ETSU, 1992). We estimate the
costs of such a system to be approximately $0.15/t crude steel based on the costs for the system installed at Hoogovens
($0.8M) (Farla et al., 1998). This measure is applied to 100% of U.S. steel production facilities.

Cogeneration. All plants and sites that need electricity and heat (i.e. steam) in the steel industry are excellent
candidates for cogeneration. Conventional cogeneration uses a steam boiler and steam turbine (back pressure
turbine) to generate electricity. Steam systems generally have a low efficiency and high investment costs. Current
steam turbine systems use the low-cost waste fuels, which may have been vented before, e.g. Inland Steel and US
Steel Gary Works (Hanes, 1999). Modern cogeneration units are gas turbine based, using either a simple cycle
system (gas turbine with waste heat recovery boiler), a Cheng cycle or STIG (with steam injection in the gas turbine),
or a combined cycle integrating a gas turbine with a steam cycle for larger systems. The latter system can also be
used to ‘re-power’ existing steam turbine systems. Gas turbine systems mainly use natural gas. Integrated steel plants
produce significant levels of off-gases (coke oven gas, blast furnace gas, and basic oxygen furnace-gas). Specially
adapted turbines can burn these low calorific value gases at electrical generation efficiencies of 45% (low heating
value, LHV) but internal compressor loads reduce these efficiencies to 33% (Mitsubishi, 1993). Mitsubishi Heavy
Industries has developed such a turbine and it is now used in several steel plants, e.g. Kawasaki Chiba Works (Japan)
(Takano et al., 1989) and Hoogovens (The Netherlands) (Anon., 1997¢c). These systems are also characterized by
low NOx emissions (20 ppm) (Mitsubishi, 1993).

In our advanced cogeneration measure, we assume that steel production facilities that have ready access to coke oven
gas (55% of integrated plants) repower their steam turbine generating systems with a combination off-gas
turbine/steam turbine system. Currently, 25 PJ of electricity is cogenerated by the iron and steel industry, 72% (18
PJ) by steam turbine technology (AISI, 1996; EIA, 1997). Given the low level of steam demand in secondary steel
making plants, we assume that most of the cogeneration (90%) occurs in integrated facilities, which would result in a
repowering of 55% of the electricity steam turbine generation systems (10 PJ) with combined off-gas turbine/steam
turbine systems. This measure results in an increase in electricity generation of 11 PJ, or 1.1 GJ/t crude steel primary
energy. Investments for the turbine systems are $1090/kWe (Anon.,1997¢). Total investment costs are estimated at
$800 million or $14.5/t crude steel.

Variable speed drives for flue gas control, pumps, fans. Based on experience in the UK, we assume that
electricity savings of 42% are possible through the use of variable speed drives (VSDs) on pumps and fans (Anon.,
1994). We assume that this technology can be applied to 5% of electricity use in integrated steel making (Worrell et
al., 1993), resulting in a savings of 0.04 GJ/t crude steel. Based on a 3.25 year payback of an installed system in the
UK and assuming an electricity price of 3pence/kWh (IEA, 1995), we calculate the costs to be $1.3/t product. This
equals a payback period of 3.4 ye